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Related Application Information 
[0001] This application claims priority to U.S. Provisional Application No. 
60/253,260, filed November 24, 2000, which is hereby incorporated by reference in its 
entirety. 

Background of the Invention 

Field of the Invention 

[0002] This invention relates generally to low dielectric constant materials, and 
more particularly to chemical vapor deposition (CVD) processes for making these materials, 
and the use of these materials as dielectric layers in microelectronic devices. 

Description of the Related Art 

[0003] As the dimensions of microelectronic devices become smaller, the 
importance of the physical properties of the materials used in their manufacture becomes 
more important. This is particularly true of the dielectric materials that are used to insulate 
metal lines and vias from one another because of the contributions to capacitance that these 
materials make. Silicon dioxide has been employed within the industry as a dielectric 
material for the manufacture of devices for nearly three decades, but may become less 
suitable in the fixture because of its relatively high dielectric constant (k~ 4.1). 

[0004] A number of fluorinated materials have been studied as possible 
replacements for silicon dioxide. U.S. 5,563,105 discloses a chemical vapor deposition 
(CVD) process employing SiF 4 and tetraethoxysilane (TEOS) to form a fluorosilicate glass, 
which is stated to have lower water absorption than a sample formed from C 2 F 6 . U.S. 
5,703,404 discloses silicon oxide films containing Si-F bonds through the use of 
fluorosilanes. U.S. 5,876,798 discloses the use of fluorotriethoxysilane (FTES). The use of 
fluorinated compounds containing carbon-carbon double bonds is disclosed in U.S. 
5,989,998. U.S. 6,051,321 discloses the use of fluorinated aromatic compounds. U.S. 
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5,900,290 discloses the use of octafluorocyclobutane, as does T. Shirafuji et al., "PE-CVD of 
Fluorocarbon/SiO Composite Thin Films Using C 4 F 8 and HMDSO," Plasmas and Polymers, 
Vol 4, No. 1, p. 57, 1999. Other references in this regard are Indrajit Banerjee, et al., 
"Characterization of Chemical Vapor Deposited Amorphous Fluorocarbons for Low 
Dielectric Constant Interlayer Dielectrics." J. Electrochem. Soc., Vol. 146(6), p. 2219, 1999; 
C.B. Labelle, et al., DUMIC, pg. 1998, 1997; and Sang-Soo Han, et. al., deposition of 
Fluorinated Amorphous Carbon Thin Films as a Low-Dielectric Constant Material." J. 
Electrochem. Soc, Vol. 146(9), p. 3383, 1999. 

[00051 Amorphous fluorinated carbon (a-C:F) materials are a promising class of 
fluorinated materials. However, the known materials have been shown to be severely 
lacking in one or more aspects for use in microelectronics manufacturing. Some of the 
known issues with currently known a-C:F materials include: low thermal stability (e.g., less 
than 300°C at k ~ 2.2 or below), anisotropic dielectric constant (in-plane vs. out-of-plane), 
low mechanical stability, low modulus and glass transition temperature, low adhesion 
strength, particularly at elevated processing temperatures, fluorine out-diffusion during 
subsequent thermal treatments, and fluorine etching of existing structures during processing. 

[0006] Therefore, there remains a need for fluorinated carbon films having better 
properties more suitable for use in microelectronics manufacturing, and for processes for 
producing such films that can be readily integrated into fabrication process flows. 

Summary of the Invention 
[0007] In accordance with one aspect of this invention, a process is provided for 
depositing a dielectric material on a surface. The process includes providing a chemical vapor 
deposition chamber having disposed therein a substrate; introducing a gas comprised of a 
fluoroalkane to the chamber; and depositing a doped fluorinated carbon film onto the 
substrate. Desirably, the doped fluorinated carbon film has a dielectric constant of about 2.5 
or less. In accordance with another aspect of this invention, an integrated circuit is provided. 
The integrated circuit includes a low dielectric constant doped fluorinated carbon film. 

Brief Description of the Drawings 
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[0008] Figure 1 is a schematic cross section of a film stack having seven layers, 
100, 102, 104, 106, 108, 110 and 112. 

[0009] Figure 2 is a plot of gas flow vs. time for CVD using a fluorodecane 
precursor and methylgeraiane dopant. The solid lines illustrate stepwise deposition and the 
dotted lines illustrate graded deposition. 

Detailed Description of the Preferred Embodiments 
[0010] The preferred embodiments involve processes for depositing a dielectric 
material on the surface of a substrate, integrated circuits comprised of such substrates having 
a doped fluorinated carbon film deposited thereon, and computer systems comprised of such 
an integrated circuit. 

[0011] The disclosed processes may be suitably practiced by employing chemical 
vapor deposition (CVD), preferably plasma-enhanced chemical vapor deposition (PECVD) 
or thermal CVD, utilizing a feed gas comprised of a fluoroalkane to deposit a fluorinated 
carbon film onto a substrate contained within a chemical vapor deposition chamber. Suitable 
CVD chambers are generally well-known to those skilled in the art, see e.g. U.S. 5,900,290, 
which is hereby incorporated herein by reference. A suitable manifold may be used to supply 
feed gas(es) to the CVD chamber. As used herein, a "fluorinated carbon film" contains 
carbon, fluorine, and optionally other elements, preferably suitable dopants as disclosed 
herein. 

[0012] In a preferred embodiment, the processes involve the use of relatively 
long-chain length fluoroalkane precursors that are rich in -CF 2 - groups. This tends to 
maximize the -CF 2 - content of the deposited doped fluorinated carbon film, while also 
allowing the use of lower energies to "crack" the precursors. This represents a great 
advantage over known PE-CVD processes that rely on the use of CF 4 / CH 4 mixtures or other, 
short-chain length fluoroalkanes. Thus, the feed gas to the chemical vapor deposition 
chamber is preferably comprised of a linear fluoroalkane having 4 or more carbon atoms, 
more preferably about 5 to about 9 carbon atoms. The fluoroalkanes may contain some CHF 
groups, but preferably more than half, and more preferably more than 75%, of the carbon 



atoms are CF 2 groups. Especially preferred fluoroalkanes include C 5 F 12 ; C 6 F 14 ; C 7 F 16 ; C 8 F, 8 
and 0^20- 

[0013] By creating suitable conditions in the CVD chamber, the feed gas 
comprised of the fluoroalkane becomes chemically active and forms a deposit of doped 
fluorinated carbon film on a substrate contained within the CVD chamber. The feed gas 
and/or substrate may be suitably heated to a temperature in the range of about 150°C to about 
600°C. Preferably, the feed gas is ionized using plasma energy to create fluoroalkane 
radicals by applying high- or low-radio frequency power. In a preferred embodiment, an in 
situ plasma is created within the CVD chamber by methods well known to those skilled in 
the art. An exemplary CVD chamber for this process is an Eagle-10™ reactor, commercially 
available from ASM Japan K.K., of Tokyo, Japan. Preferred power levels may range up to 
about 5 kW. For plasma-enhanced CVD (PECVD), the substrate is preferably heated to a 
temperature in the range of about 200°C to about 400°C. 

[0014] Thermal CVD may be practiced by heating the gas or substrate to an 
extent that is effective to render the fluoroalkane chemically active. For thermal CVD, the 
substrate is preferably heated to a temperature in the range of about 300°C to about 500°C. 
Preferably, both heat and plasma energy are employed in depositing the doped fluorinated 
carbon film. The deposition of the doped fluorinated carbon film is preferably carried out 
using relatively low energies so as not to overly fragment the fluoroalkane, thus incorporating 
relatively long sequences of -CF 2 - groups into the film. Preferably, the film is comprised of 
-CF 2 CF 2 - groups, more preferably -CF 2 CF 2 CF 2 - groups. Preferably, more than about 25%, 
more preferably more than about 50%, of the weight of fluorine in the film is in the form of- 
CF 2 -. 

[0015] The dielectric constant of the doped fluorinated carbon film is related to 
the content of -CF 2 - groups, so that a film having a greater content of ~CF 2 - groups generally 
has a lower dielectric constant. The dielectric constants for the films of this invention are 
preferably about 3.0 or less, more preferably about 2.4 or less, and most preferably about 2.2 
or less. The doped fluorinated carbon film is preferably thermally stable up to about 400°C 
when doped in situ. "Thermally stable" signifies that the film experiences no significant 
outgassing or attendant changes in physical properties when heated. 



[0016] The fluorinated carbon films of the preferred embodiments can be suitably 
doped with further elements in order to alleviate the known shortcomings of fluorinated 
carbon films. The controlled addition of suitable dopants may provide improved film 
adhesion, improved thermomechanical stability relative to undoped or uncrosslinked 
polymers, improved plasma characteristics, and/or further reduction of the dielectric constant 
relative to undoped fluorinated carbon films. Suitable dopants include alkanes having from 1 
to 9 carbons, methyl silane, ethyl silane, dimethyl silane, diethylsilane, methyl germane, 
ethyl germane, dimethylgermane, diethylgermane, disilylmethane, silanes of the form 
SinH^ ( e -g > silane, disilane, trisilane), germane, digermane and mixtures thereof. Preferred 
dopants are methylsilane and methylgermane. These dopants may be supplied to the CVD 
chamber in the feed gas, preferably in admixture with the fluoroalkane gas. 

[0017] For PECVD, the total pressure in the CVD chamber is preferably in the 
range of about 0.001 torr to about 5 torr, most preferably in the range of about 0.1 ton* to 
about 2 torr. For thermal CVD, the total pressure in the CVD chamber is preferably in the 
range of about 0.001 torr to about 50 torr, most preferably in the range of about 0.1 torr to 
about 5 torr. The partial pressure of fluoroalkane is preferably in the range of about 5% to 
about 100% of the total pressure, more preferably about 25% to about 100%, same basis. In 
some cases (e.g., the graded layers, as discussed below), the fluoroalkane flow can be zero at 
some point in the deposition process. The partial pressure of each dopant is preferably in the 
range from 50% to about 0% of the total pressure, more preferably about 20% to about 5%, 
same basis. The feed gas can also include gases other than fluoroalkane and dopant sources, 
preferably inert gases such as helium, although other reactant gases may also be used. More 
preferably, the partial pressure of the dopant gas is effective to provide the doped fluorinated 
carbon film with a Si or Ge content of about 20% or less, even more preferably about 10% or 
less, by atomic percentage. 

[0018] The relative partial pressures of the fluoroalkane and dopant can be held 
relatively constant over the course of depositing the fluorinated carbon film, or preferably 
varied to produce a graded film which has differing amounts of dopant and -CF 2 - groups as a 
function of depth within the thickness of the film. Preferably, the graded portion of the film 
has a thickness in the range of about 5 A to about 500 A, more preferably between about 10 



A and 50 A. Ungraded or bulk films will typically be thicker, such as up to about 1 micron 
for the bulk portion of an interlevel dielectric in an integrated circuit Thus, the elemental 
composition of the film may vary in a stepwise and/or continuous fashion. Film thickness 
may be varied according to the intended application as known in the art, by varying the 
deposition variables. 

[0019] Figure 1 is a cross-sectional diagram of a film stack (not to scale) 
illustrating an interlevel dielectric in an integrated circuit, with the dielectric having stepwise 
gradation. In this embodiment, a metal conductor 100 serves as a substrate and a first doped 
fluorinated carbon film 102 overlies metal conductor 100. Film 102 has a relatively high 
dopant level such that adhesion to layer 100 is maximized. A second doped fluorinated 
carbon film 104 overlies film 102. Layer 106 comprises a low-k dielectric fluorinated carbon 
film and has a relatively low level of dopant. Second doped fluorinated carbon film 104 has 
an intermediate dopant level such that adhesion to both films 102 and 106 is maximized. 
Third doped fluorinated carbon film 108 overlies low-k dielectric 106 and has an 
intermediate dopant level, similar to film 104. Likewise, fourth doped fluorinated carbon 
film 110 overlies film 108 and has a relatively high dopant level, similar to film 102. The 
interlevel dielectric also comprises metal conductor 112, which overlies film 110. 

[00201 The method for forming layers 102 - 110 may be stepwise to produce a 
layered structure as shown in Figure 1 or, preferably, one or more layers may be graded so 
that the elemental composition of one or more layers changes in a continuous fashion instead 
of stepwise. Stepwise and graded deposition may be accomplished by controlling the gas 
flow as illustrated in Figure 2. As the deposition proceeds, the relative amount of dopant 
decreases and the relative amount of fluoroalkane increases, then the process is reversed. The 
embodiment in Figure 2 shows a plateau region for the deposition of a middle "bulk" 
dielectric layer, but this layer may also be graded as desired. 

[0021] Figures 1 and 2 shows only a marginally longer plateau time for 
deposition of the bulk layer of constant, low-doped constitution; however, the skilled artisan 
will understand in view of the present disclosure that the bulk, very low k layer will 
preferably be much thicker than the graded super- and sub-layers. The graded portions of the 



sandwich structure are preferably only thick enough to provide adhesion between the bulk 
intermediate layer and the adjacent materials. 

[0022] Graded deposition may proceed by a continuous, dynamically changing 
process. For example, deposition of layer 100 can be followed immediately by graded layers 
102 and 104, followed immediately by dielectric layer 106, etc., with continuous deposition 
for the entire stack. This type of processing represents a tremendous advantage over other 
processing techniques, e.g., spin-on processes that cannot easily deliver the reagents in the 
fashion required to deposit a graded elemental concentration. 

[0023] The use of these dopants as described herein tends to increase the 
thermomechanical stability of the doped fluorinated carbon film while minimizing 
anisotropic dielectric constant properties. The use of dopants in a graded concentration 
fashion also aids in film nucleation and adhesion. Dopants that contain hydrogen that is 
easily liberated from the molecules help to reduce free fluorine etching issues. As such, they 
represent a decrease in the total number of reagents required to synthesize the desired 
materials and a resulting process simplification, as well as a route into novel copolymer 
materials that can exhibit greatly improved physical properties as a result of increased three- 
dimensional crosslinking. 

[0024] Depending on the processing conditions, the physical properties of the 
deposited doped fluorinated carbon films can be tailored by varying the reactants and CVD 
conditions as taught herein. Superior thermal stability (preferably to at least 400°C), high 
glass transition and softening temperatures, high bulk modulus, reduced coefficient of 
thermal expansion, improved resistance to fluorine diffusion, improved adhesion, and 
decrease or elimination of anisotropic dielectric constant can be attained from a higher degree 
of three-dimensional crosslinking, crosslinking through non-cafbon atoms such as Si and Ge, 
and presence of dopant elements (e.g. Si and/or Ge). Ultra-low dielectric constants of about 
2.2 or less can be attained from a high -CF 2 - content and reduction in density arising from 
addition of -CH 3 moieties. Materials integration advantages may also be realized because of 
these improvements in the physical properties. 

[0025] The substrates having a doped fluorinated carbon film deposited thereon 
can be incorporated into integrated circuits in the usual manner, particularly as interlevel 



dielectric layers between conductive levels (e.g., metal layers) within the circuit. The doped 
fluorinated carbon films enable lower dielectric constants and other advantages as described 
herein, thus translating into reduced parasitic capacitance and thus improved performance for 
the integrated circuits into which they are incorporated. Likewise, computer systems having 
improved performance may be obtained by incorporating the improved integrated circuits 
into the systems in the usual manner. 

[0026] In another preferred embodiment, a CVD apparatus configured to carry out 
the methods described herein is provided. A preferred CVD apparatus includes a chemical 
vapor deposition chamber, more preferably an Eagle- 10™ reactor (available commercially 
from ASM Japan K.K., of Tokyo, Japan), having a substrate disposed therein. Preferably, the 
chamber contains a support for the substrate that is capable of supplying heat to the substrate, 
e.g., resistively heated. A preferred CVD apparatus also contains a vessel containing a linear 
fluoroalkane, preferably containing from about 5 to about 9 carbon atoms, one or more feed 
lines connecting the vessel to the CVD chamber, and a manifold operatively connected to the 
feed line to control the passage of the linear fluoroalkane to the CVD chamber. Preferably, 
the apparatus includes a plasma source for creating a remote plasma or, even more preferably, 
an in situ plasma. Most preferably, the manifold is a showerhead that also serves as an 
electrode, with the substrate grounded to the support to serve as a second electrode. 

[0027] Although the foregoing invention has been described in terms of certain 
preferred embodiments, other embodiments will become apparent to those of ordinary skill in 
the art in view of the disclosure herein. Accordingly, the present invention is not intended to 
be limited by the recitation of preferred embodiments, but is intended to be defined solely by 
reference to the appended claims. 

EXAMPLES 
Example 1 

[0028] A gas comprised of perfluorononane (F 3 C(CF 2 ) 7 CF 3 ) having a partial 
pressure equal to 95% of the total pressure, and methylsilane (H 3 CSiH 3 ) having a partial 
pressure equal to 5% of the total pressure, is introduced into a PE-CVD reactor chamber 



maintained at a pressure of 2 Torr that contains a silicon substrate maintained at 350°C. A 
plasma is then initiated in this gas mixture using 13.56 MHz radiation at a power level of 2.0 
Watts per square centimeter of substrate surface area to deposit a film containing C, F, H and 
Si on the substrate. This example illustrates the use of plasma enhanced CVD reaction to 
deposit a doped a-C:F material. 

Example 2 

[0029] A gas comprised of perfluorooctane (F 3 C(CF 2 ) 6 CF 3 ) having a partial 
pressure equal to 75% of the total pressure, and methylgermane (H 3 CGeH 3 ) having a partial 
pressure equal to 25% of the total pressure, is introduced into a PE-CVD reactor chamber 
maintained at a pressure of 2 Torr that contains a silicon substrate maintained at 350°C. A 
plasma is then initiated in this gas mixture using 13.56 MHz radiation at a power level of 2.0 
Watts per square centimeter of substrate surface area to deposit a film containing C, F, H and 
Ge on the substrate. 

Example 3 

[0030] A gas comprised of perfluoroheptane (F 3 C(CF 2 ) 5 CF 3 ) having a partial 
pressure equal to 85% of the total pressure, and methylgermane (H 3 CGeH 3 ) having a partial 
pressure equal to 15% of the total pressure, is introduced into a PE-CVD reactor chamber 
maintained at a pressure of 2 Torr that contains a silicon substrate maintained at 350°C. A 
plasma is then initiated in this gas mixture using 13.56 MHz radiation at a power level of 2.0 
Watts per square centimeter of substrate surface area to deposit a film containing C, F, H and 
Ge on the substrate. This film contains more -CF 2 - groups and less Ge, C and H than the 
film produced in Example 2. 

Example 4 

[0031] A gas comprised of perfluorononane (F 3 C(CF 2 ) 7 CF 3 ) having a partial 
pressure equal to 98% of the total pressure, and methylgermane (H 3 CGeH 3 ) having a partial 
pressure equal to 2% of the total pressure, is introduced into a PE-CVD reactor chamber 
maintained at a pressure of 2 Torr that contains a silicon substrate maintained at 350°C. A 
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plasma is then initiated in this gas mixture using 13.56 MHz radiation at a power level of 2.0 
Watts per square centimeter of substrate surface area to deposit a film containing C, F, H and 
Ge on the substrate. More than 50% of the fluorine in this film is in the form of -CF 2 - 
groups and this film contains much less Ge, C and H than the films produced in Examples 2 
or 3. This film has a dielectric constant of less than 2.2. 

Example 5 

[0032] The processes described in Examples 1-4 above are carried out 
sequentially in a step-wise fashion to produce a film stack, except that the same chemical 
precursors are preferably used throughout the graded sub-layers to avoid complicated gas 
switching mid-process. The first three sub-layers are each about 20 A thick and the fourth 
low-k 6C bulk" layer is about 0.5 micron thick. These layers are preferably conducted in situ 
without substrate removal or pause between steps, apart from the time required to switch gas 
flow concentration. 

[0033] Additionally, as shown in the gas-flow diagram of Figure 2, another 
graded layer or set of sub-layers is deposited over the bulk layer, in reverse sequence of 
Examples 1-4. The grading above and below the bulk dielectric facilitate good adhesion to 
adjacent materials in the semiconductor structure, as compared to Teflon™-like materials 
having low to no doping (e.g., the bulk layer in the present example). 

Example 6 

[0034] The processes described in Examples 1-4 above are carried out 
sequentially as in Example 5 above, except that the relative partial pressures of 
perfluoroalkanes, methylgermane, and methylsilane are changed gradually, instead of 
stepwise, to produce a film stack having a graded concentration profile of F, Si, and Ge as a 
function of depth. 

Example 7 

[0035] The process of Example 6 is carried out in the general manner illustrated 
in Figures 1 and 2 by depositing a film onto a conductor such that the film is initially 
enriched in silicon, then steadily more enriched in F to produce a low-k dielectric layer, then 
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once again steadily enriched in silicon to produce a surface that readily adheres to a 
conductor deposited onto the polymer. 
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